Fatty acid synthase (FASN) expression has been reported in many different tumors, including breast cancer. In gene microarray studies, the fatty acid synthase gene co-clustered with cytokeratins 5 and 17 and other genes that defined the basal-like subset of breast cancers. To define the use of this marker in breast pathology, a rabbit polyclonal antiserum (S143) to a peptide fragment of this gene was produced and compared with a commercially available monoclonal antibody by immunohistochemistry on various tissue microarrays and whole tissue sections. The tissue microarrays included 1090 breast cancers and 244 normal breast tissues. Whole tissue sections consisted of benign and malignant tissues from breast resection specimens. In contrast to other 'basal' markers identified by gene expression profiling data, the fatty acid synthase (FASN) expression pattern in normal breast was notable for its expression in only a small subset of basal and suprabasal cells. Dual staining experiments revealed that the subpopulation of cells labeling with FASN did not coexpress myoepithelial markers CK5/6 or p63, but did coexpress e-cadherin. In addition to staining a subset of basal and suprabasal cells, the antiserum highlighted apocrine differentiation, and stained 106/144 (74%) cases of columnar cell lesions and five of five cases of flat epithelial atypia. Despite its association with basal keratins in gene array studies, FASN expression did not correlate significantly with the outcome in breast cancer. We describe an expression pattern that highlights only a subset of basal and suprabasal cells in normal breast ducts and we show by dual expression studies that this subset of cells is different from myoepithelial and basal cytokeratin-positive cells. In addition, FASN expression is described in apocrine metaplasia, columnar cell lesions, and flat epithelial atypia.
Through gene and tissue microarray analysis, a consistent 'basal-like' subtype has been identified in breast carcinoma, which is associated with a poor clinical outcome. [1] [2] [3] [4] [5] [6] [7] In gene microarray studies, the fatty acid synthase (FASN) gene co-clustered with genes that defined the 'basal-like' subtype, including cytokeratins 5 and 17. Fatty acid synthase (FASN) is a heterodimeric enzyme that catalyzes the synthesis of long-chain fatty acids. The gene encoding fatty acid synthase resides on the long arm of chromosome 17 (17q25). In some tumors, including breast cancer, the gene is upregulated, possibly to accommodate the increase in membrane synthesis as a result of cell proliferation. 8, 9 In breast cancer, some investigators have reported an association between FASN expression and tumor recurrence. 10, 11 There may also be a regulatory effect of FASN on the expression of the nearby (17q21) Her2neu gene 12 and a recent study raises the possibility of cancer chemoprevention by inhibition of FASN. 13 We have generated a novel rabbit polyclonal antiserum to the FASN gene and describe the immunohistochemical expression in normal, precancerous and cancerous breast. In addition, we compare this antiserum to a commercially available FASN antibody.
Materials and methods
All tissue studies were performed on de-identified specimens with approval of the institutional review boards of all participating institutions (Stanford University Hospital, Vancouver General Hospital and Beth Israel Deaconess Medical Center).
Tissue Microarrays
Tissue microarrays were constructed in the usual fashion 14 on a Beecher tissue microarrayer (Beecher Instruments, Silver Spring, MD, USA), using tissue cores varying between 0.6 and 2.0 mm. Tissue microarrays using pathologic material from Stanford University Hospital, Vancouver General Hospital and Beth Israel Deaconess Medical Center, and containing various normal and tumorous tissues were utilized (Table 1 ). The tissue microarrays contained a variety of control tissues (liver, kidney, placenta, and so on) as reference points and positive controls.
Whole Tissue Sections
It had been noted in initial staining experiments with S143 that the antibody highlighted apocrine metaplasia. For this reason, breast specimens with prominent apocrine metaplasia and cases of columnar cell lesions (because of the frequent appearance of so-called 'apocrine snouts' in at least a subset of columnar cell lesions) were selected for the study. Subsequently, cases of flat epithelial atypia were included in the study because of its putative relation to columnar cell lesions. 15 All cases were selected through a diagnosis search of the electronic database files of the Stanford University Medical Center Laboratory of Surgical Pathology and Vancouver General Hospital. Diagnoses were verified on reviewing the hematoxylin and eosin-stained sections by two pathologists (KCJ and DFS). Sections were stained with the S143 antiserum and/or FASN antibody as detailed below.
Commercial Antibodies and Generation of a Novel Rabbit Polyclonal Antiserum
Commercial antibodies against p63, e-cadherin, cytokeratin 5/6, calponin, and FASN were used according to the manufacturer's protocols (Table 2) . A rabbit polyclonal antiserum was raised using a synthetic peptide derived from the gene sequence of the fatty acid synthase gene (Applied Genomics, Incorporated, Huntsville, AL, USA), as described earlier. 16 Briefly, the peptide was synthesized by standard Fluorenylmethoxycarbonyl (Fmoc) chemistry. The peptide was then conjugated to keyhole limpet hemocyanin and injected into two out-bred rabbits. After the rabbits showed a significant antipeptide titer, serum (S143) was harvested and passed over an affinity column conjugated with the peptide. Bound antibodies were eluted with a pH gradient.
The current study was not a comparison study between the commercial FASN antibody and the S143 antiserum. Representative benign and tumorous tissues were stained by both the methods and qualitatively determined to show similar staining expression patterns, but a head-to-head comparison of the two antibodies was not quantitatively performed.
Immunohistochemical Staining With One or More Antibodies
Sections to be stained were cut at 4-mm thickness, mounted on positively charged glass slides, and baked at 601C for a minimum of 60 min. Sections were then immersed in xylene, followed by gradated alcohols, at 10 min per solution. Antigen retrieval involved heating slides in a citrate (pH 6.0) buffer in either a microwave or a pressure cooker. Staining was achieved using biotin-free techniques including EnVision þ Kit (Dako, Carpenteria, CA, USA) automated and manual methods for FASN, S143, and p63 and Benchmark automated immunostainer (Ventana Medical Systems, Tucson, AZ, USA) for e-cadherin and cytokeratin 5/6 (Table 2). Dual All staining with the S143 antiserum and FASN antibody was cytoplasmic and/or membranous. CK5/6 and e-cadherin decorated cells in a predominantly membranous staining pattern; only nuclear reactivity was considered positive labeling for p63. All slides were reviewed by at least two pathologists (Table 2) .
Double Immunofluorescence Staining
Sections to be stained were cut at 4-mm thickness, mounted on positively charged glass slides, and baked at 601C for a minimum of 60 min. They were then immersed in xylene, followed by gradated alcohols, at 10 min per solution. Antigen retrieval involved microwaving slides in an EDTA/TRIS (pH 9.0) buffer. Staining was achieved as described earlier. 17 Briefly, sections were incubated with combined primary antibodies, washed, incubated in the dark with combined secondary antibodies bound to fluorochromes (Invitrogen Corporation, Carlsbad, CA, USA), washed and coverslipped with ProLong Gold antifade reagent with DAPI (Invitrogen Corporation, Carlsbad, CA, USA). Fluorescent slides were imaged by using a Nikon E1000 microscope with UV-2E DAPI and Texas red HYQ filter cubes (Nikon) fitted with a CoolSNAP K4 (Photometrics, Tucson, AZ, USA) camera. The same slides were digitized with a commercial image analysis system ARIOL (Applied Imaging Inc., San Jose, CA, USA). The ARIOL scanner is based on an Olympus microscope with a motorized stage and autofocus capabilities, equipped with a black and white video camera. Slides were scanned at Â 40 objective magnification with appropriate filters; ARIOL software converted these three-channel images into color images.
Antibody and Fluorescence Scoring
Antibody staining was semi-quantitatively scored using stain intensity as negative (less than 5% of cells staining, regardless of stain intensity), weakly positive (weak stain intensity in greater than or equal to 5% of cells) or strongly positive (strong stain intensity in greater than or equal to 5% of cells). Staining was characterized as 'diffuse' if greater than 50% of cells were stained. Scoring of antibody expression by fluorescence was determined to be positive (greater than 5% of cells staining) or negative, with the characterization of diffuse staining reserved for cases with greater than 50% of cell staining.
Results

Normal Breast
In normal breast tissue, S143 expression was seen in only a subset of basal or suprabasal cells throughout the terminal duct-lobular unit (Figure 1a) . Commercially available FASN antibody showed a similar staining pattern and distribution. Significant staining was not seen in larger lactiferous ducts with either reagent.
This staining pattern is in sharp contrast with that seen when normal breast is stained with antibodies to myoepithelial/basal cytokeratin markers, including CK5/6, p63 and calponin, where the staining is typically diffuse and continuous along the basal epithelial/myoepithelial layer (Figure 1b-d) . In tissue exhibiting apocrine metaplasia, S143 and/or FASN showed strong diffuse expression (Figure 2a) . In double-staining experiments, cells expressing S143 did not coexpress CK5/6 or p63, but did coexpress e-cadherin (Figure 2b-d) .
Breast Cancer
The antiserum S143 diffusely stained 383 of 743 (52%) scorable tissue cores of invasive breast carcinomas from two large, previously described tissue microarray series. 4, 18 Staining was scored on a three-tier scale as negative, weakly positive or strongly positive, with 216 (31% of all scorable invasive breast cancers) exhibiting weak reactivity and 103 (15% of all scorable invasive breast cancers) exhibiting strong reactivity. Staining was diffuse in the overwhelming majority of cases (253/319, or 79%), a pattern markedly different from the subset staining (scattered basal or suprabasal cells only) of FASN commonly observed in normal breast. In contrast, CK5/6 staining, when present (seen in 14% of invasive breast cancers in a previously reported tissue microarray study; see reference 4), often showed a focal staining pattern in carcinomas (67/120, or 56%), although diffuse staining was also observed. Reactivity with S143 did not show any significant correlation with survival in this cohort with a mean follow-up of 17 years (data not shown). Two of two invasive carcinomas with apocrine features showed strong diffuse S143 reactivity ( Figure 3 , Table 3 ).
Columnar Cell Lesions
Columnar cell lesions showed FASN expression in 106 of 144 cases (Figure 4a -d, Table 3 ), using a tissue microarray consisting of 192 scorable tissue cores of normal breast tissue and columnar cell lesions as well as additional full sections. 18 This staining distribution was illustrated further by using double stain immunofluorescence (Figure 4c and d) .
In lesions characterized as flat epithelial atypia (a category that encompasses columnar cell lesions with atypia), five of five cases showed FASN expression. In all columnar cell lesions and lesions of flat epithelial atypia, FASN expression was relatively diffuse, although focally, rare cells showed more intense staining than the remainder of the lesions.
Discussion
Gene microarray studies and subsequent confirmatory tissue microarray studies have clearly established the existence of a distinct subgroup of breast cancers defined predominantly by overexpression of a number of basal cytokeratin genes and/or proteins, now relatively well-recognized as the 'basal-like' subgroup and known to be associated with a poor clinical outcome. [1] [2] [3] [4] [5] [6] [7] In the first gene microarray study to describe this subgroup, the fatty acid synthase (FASN) gene co-clustered with basal cytokeratin genes such as cytokeratins 5, 6 14 and 17. Rabbit antisera were raised to six of nine genes in this cluster, including the fatty acid synthase gene (S143); expression patterns of the S143 antiserum and a commercial antibody to FASN are described in this study.
In normal breast, FASN expression is seen in a unique pattern of scattered basal and suprabasal cells. It is yet unclear whether this population of cells represent a distinct functional or biologic subset of epithelial cells. Double-staining experiments indicate that FASN-positive cells do not exhibit a characteristic 'basal' (cytokeratin 5/6-positive) or myoepithelial (p63-positive) immunophenotype. Esslimani-Sahla et al 19 have also described FASN immunoreactivity through a monoclonal FASN antibody as a scattered expression pattern in normal and pathological structures of epithelial mammary cells. Their findings are comparable to ours, though this group did not describe the suprabasal cell staining seen in the current study. The authors 19 suggest that these findings are most likely in keeping with epithelial stem cells because of the topographic location. These results provide endorsement for the proposal by some that FASN expression may reflect increased membrane synthesis and cell growth, as supported by studies of the gastrointestinal tract, brain and genitourinary system. 8 We hypothesize that this subset of cells may label a stem cell or progenitor cell (or a proportion of these cells) in normal breast.
The existence of a breast stem cell seems quite likely, but its identification and isolation has proved difficult. Many markers have been postulated to identify breast stem/progenitor cells in both the luminal and myoepithelial compartments. [20] [21] [22] [23] [24] [25] [26] Our experience with one of these putative stem cell markers, CK5/6, 21 is that its expression in normal breast is typically seen in a continuous portion of the basal epithelial compartment, suggesting a myoepithelial expression phenotype. Other authors have provided some evidence that CK5/6 reactivity may not, indeed, represent a stem cell phenotype. 22 The unique subset basal and suprabasal expression pattern we observed with the S143 antiserum (as well as the distinction from CK5/6-positive cells, as shown in our double-staining experiments) would seem a possible expression pattern for a stem/ progenitor cell. Certainly, many additional studies are necessary to substantiate this hypothesis.
Benign breast ducts can show a large number of histologic appearances, many of which have been described in detail. 27 Apocrine metaplasia represents a physiologic response/change and is not, in and of itself, associated with an increased risk of breast cancer. However, the ability to highlight apocrine differentiation may be of some potential interest in the area of apocrine carcinoma. In particular, reactivity in breast carcinomas may confirm the morphologic impression of apocrine differentiation and may lessen the possibility of overgrading the tumor. Although stage is more significant in determining treatment options, increased nuclear and tumor grade may impact therapy decisions as well, so the importance of avoiding overgrading tumors is clinically relevant. FASN and S143 staining of potential apocrine carcinomas, as was seen in this study, might provide information essential to accurate tumor grading.
Columnar cell lesions and flat epithelial changes of the breast have been increasingly recognized, particularly with the large number of breast biopsies performed for mammographically detected lesions. 15, 28, 29 Recent reports have demonstrated that columnar cell lesions of the breast, in particular, lesions that contain characteristic apical snouts and luminal secretions and those with atypia, represent premalignant changes. 30 We observed FASN staining in the majority of columnar cell lesions, both with and without atypia, although FASN staining did not distinguish non-atypical from atypical lesions. We could also demonstrate that this cell population coexpressed e-cadherin, which is again in keeping with previous findings showing up to 81% positivity of columnar cell lesions for ecadherin antibodies. 30 Although the FASN gene co-clustered with basal cytokeratins in gene microarray studies, our observation in normal breast and columnar cell lesions is that, immunohistochemically, FASN and basal cytokeratins are not coexpressed. This finding is inconsistent with the results of others that columnar cell lesions and flat epithelial atypia do not typically express basal cytokeratins. 31 Also interesting is the observation that FASN stains both apocrine metaplasia and columnar cell lesions, suggesting some similar functional or biologic properties between these lesions. Other biomarkers, including estrogen receptor and bcl2, show different expression patterns in apocrine metaplasia and columnar cell lesions. 32 Additional investigation of FASN expression and function may illuminate these preliminary findings.
In vitro studies have demonstrated a close relationship between Her2neu and FASN, showing suppressed Her2neu expression with FASN inhibition. 12 This work raises the possibility of pharmacologically targeted inhibition of FASN as a potential breast cancer therapy. If and when such studies in humans become feasible, correlation with FASN protein expression in tumors will need to be closely examined, and may have some significance to therapy response.
Although the data we have demonstrated on fatty acid synthase is intriguing and raises the possibility that this antibody may label columnar cell lesions and flat epithelial atypia, it might also serve with lesser specificity as a label for a stem/progenitor cell population. Many more studies will be needed, including isolation and cell culture experiments, to investigate these possibilities.
